METHODS:
We estimated the rate of IMBD as the underlying cause of death using the period-linked birth/infant death data for US residents for January 2003 to December 2006. We excluded infants with missing gestational age, implausible values based on Alexander' s index of birth weight for gestational age norms, or gestational ages ,20 weeks or .44 weeks; we categorized gestational age into 3 groups: 20 to 33, 34 to 36, and 37 to 44 weeks. Using Poisson regression, we compared neonatal and postneonatal IMBD for infants of non-Hispanic black and Hispanic mothers with that for infants of non-Hispanic white mothers stratified by gestational age.
RESULTS: IMBD occurred in 12.2 per 10 000 live births. Among infants delivered at 37 to 44 weeks, blacks (and Hispanics, to a lesser degree) had significantly higher neonatal and postneonatal IMBD than whites; however, among infants delivered at 20 to 33 or 34 to 36 weeks, neonatal (but not postneonatal) IMBD was significantly lower among blacks compared with whites.
CONCLUSIONS: Racial/ethnic differences in IMBD were not explained in these data by differences in gestational age. Further investigation should include an assessment of possible racial/ethnic differences in severity and/or access to timely diagnosis and management of birth defects. Pediatrics 2012;130:e518-e527 Birth defects affect ∼3% of births in the United States 1 and are responsible for 1 in 5 infant deaths. 2, 3 The prevalence of preterm birth (birth at ,37 completed weeks of gestation) has steadily increased in recent years, and preterm birth is 3 times as common among nonHispanic black compared with nonHispanic white mothers. 4 Black-white disparities in infant mortality attributable to birth defects (IMBD) have also been reported. 5 US studies have shown that all-cause neonatal mortality rates are higher among term infants of black mothers compared with white mothers, but lower among preterm infants of black mothers compared with white mothers. 6, 7 A recent Centers for Disease Control and Prevention study examined differences in neonatal mortality rates attributable to congenital heart defects (the leading cause of IMBD) by race and gestational age. 8 Another recent study focused on heterogeneous risk for infant mortality across the range of term births. 9 The current study sought to expand these analyses by examining differences in both neonatal and postneonatal mortality attributable to all birth defects by race/ ethnicity and gestational age.
METHODS

Data Source
We used the Centers We restricted the analysis to infants of mothers from the 3 largest race/ ethnicity categories (non-Hispanic white, non-Hispanic black, and Hispanic), as reported on the US birth certificate; those of other racial/ethnic groups were excluded, as were births to and infant deaths of non-US residents. All analyses were based on maternal race/ethnicity.
The gestational age measure from the birth certificate was based on a clinical estimate of elapsed time since the last menstrual period. We categorized gestational age into 3 groups: 20 to 33, 34 to 36, and 37 to 44 weeks. We excluded linked records with a missing gestational age (0.6% of the total), those with implausible gestational ages based on Alexander' s index of birth weight for gestational age norms (0.6%), 6 and those with gestational ages ,20 weeks or .44 weeks (1.1%).
Analytic Methods
We estimated rates of neonatal (age ,28 days) and postneonatal (age 28 days to ,1 year) mortality attributable to birth defects overall, and stratified by race/ethnicity and gestational age categories. We also tabulated mortality rates by individual weeks of gestational age, separately by race/ethnicity. (Tables 1 and 2 ). Therefore, only records with maternal age and comparable data on maternal education were included in adjusted analyses. We also calculated unadjusted gestational-week-specific neonatal and postneonatal mortality rate ratios. We estimated infant mortality rates and RRs for all birth defects combined, as well as for several major birth defect categories, as grouped by the ICD-10 classification scheme. For regression analyses, we included the cleft lip/cleft palate category with the digestive system defects, and we did not examine the "eye, ear, face, and neck" or "other" categories because of sparse numbers.
RESULTS
Overall IMBD
The analysis included 15 145 044 live births in the United States during 2003 to 2006; 9 071 585 births to non-Hispanic white mothers, 2 312 080 births to nonHispanic black mothers, and 3 761 379 births to Hispanic mothers. A total of 18 080 infant deaths had a birth defect listed as the underlying cause (18% of all infant deaths) after exclusion of the specific ICD codes specified previously, and the overall rate of IMBD was 12.2 per 10 000 live births. Race-specific IMBD rates were 11.1, 14.4, and 12.5 per 10 000 live births for non-Hispanic white, non-Hispanic black, and Hispanic mothers, respectively. Congenital heart defects were noted as the underlying cause of death in 31% of IMBD, followed by chromosomal abnormalities, not elsewhere classified (22%), and central nervous system defects (15%), which include neural tube defects. The prevalence of preterm birth among live births was 11% for non-Hispanic white, 18% for non-Hispanic black, and 12% for Hispanic mothers.
Neonatal Mortality Attributable to Birth Defects
Nearly 69% of IMBD occurred in the neonatal period (Table 1) . Neonatal mortality attributable to birth defects ranged from 7.8 per 10 000 live births among non-Hispanic white mothers to 9.1 per 10 000 live births among nonHispanic black mothers. Across racial/ ethnic categories, neonatal mortality attributable to birth defects was higher among both younger and older mothers, mothers with higher parity, multiple births, and mothers with diabetes, fewer years of education, or tobacco use. However, the most substantial elevations were observed for low birth weight or preterm infants. For example, among non-Hispanic white mothers, neonatal mortality attributable to birth defects was substantially higher at 97.5 per 10 000 live births for infants delivered at 20 to 33 weeks compared with 3.8 per 10 000 for infants delivered at 37 to 44 weeks. Congenital heart defects were the underlying cause of 24% of neonatal deaths attributable to birth defects.
Given the differences by gestational age, we did not present the overall effect estimates for weeks 20 to 44. White infants born early preterm (20-33 completed weeks' gestation) had the highest rates of neonatal mortality for nearly all birth defect categories ( Table 3 ). The rate of neonatal mortality attributable to birth defects was significantly lower among black infants delivered at 20 to 33 or 34 to 36 weeks' gestation compared with whites (for example, for all birth defects combined, the neonatal mortality rates for infants of black and white mothers delivered at 20 to 33 weeks were 58.6 and 97.5 per 10 000, respectively; RR: 0.6; 95% confidence interval [CI]: 0.5-0.6). The black-white difference was reversed among infants delivered at 37 to 44 weeks, with neonatal mortality higher among infants of black compared with white mothers (for all birth defects combined, the neonatal mortality rates for infants of black and white mothers delivered at 37 to 44 weeks' gestation were 4.6 and 3.8 per 10 000, respectively; RR: 1.2; 95% CI: 1.1-1.3). The neonatal RRs for each birth defect category were similar to those for all birth defects combined, with blacks having lower mortality rates when born preterm, but higher rates when born at term.
Similar to the black-white differences, among term infants, Hispanics had a significantly higher neonatal mortality rate attributable to birth defects than whites overall (RR: 1.2; 95% CI: 1.1-1.2) and in most defect categories; however, the differences in the 20 to 36 weeks' gestational age categories were not statistically significant.
We assessed the race/ethnicity-specific rates of neonatal mortality attributable to birth defects graphically by gestational week (Fig 1) . We also examined these patterns for each different birth defect category, and the striking neonatal picture was similar for all birth defect groups (individual graphs by defect category not shown).
Postneonatal Mortality Attributable to Birth Defects
Postneonatal mortality attributable to birth defects ranged from 3.3 per 10 000 live births among non-Hispanic white mothers to 5.3 per 10 000 live births among non-Hispanic black mothers ( Table 2 ). The same maternal characteristics associated with an increased rate of neonatal mortality were also associated with an increased rate of postneonatal mortality, including gestational age.
Comparing infants of black and white mothers, the rates of postneonatal mortality attributable to birth defects (Table 4) were quite different from the rates of neonatal mortality attributable to birth defects (Table 3) . Uniquely for postneonatal mortality, blacks born at 34 to 36 weeks had a higher rate than whites born late preterm (for all birth defects combined, RR: 1.3, 95% CI: 1.1-1.6; for chromosomal abnormalities, RR: 2.2, 95% CI: 1.5-3.3), and there was no significant difference in the postneonatal mortality rate among blacks and whites born at 20 to 33 weeks (with RRs of 0.9 and 1.1 for all birth defects combined and chromosomal abnormalities, respectively). Similar to neonatal mortality, however, among term infants, blacks had a significantly higher postneonatal mortality rate than whites (for all birth defects combined, RR: 1.5, 95% CI: 1.4-1.7; for chromosomal abnormalities, RR: 2.2, 95% CI: 1.8-2.7).
Comparing postneonatal mortality attributable to birth defects between Hispanics and whites, there were no statistically significant differences in any gestational age group for all birth defects combined, with RRs ranging from 1.0 to 1.1 (Table 4) ; however, Hispanics had significantly higher rates for some defect groups, including central nervous system defects (at term) and chromosomal abnormalities (at any gestational age except 20-33 weeks).
We also assessed the race/ethnicityspecific rates of postneonatal mortality attributable to birth defects graphically by gestational week (Fig 2) .
DISCUSSION
Overall racial/ethnic differences in IMBD cannot be explained by differences in gestational age. For both early and late preterm infants, we found neonatal mortality attributable to birth defects to be significantly less likely among non-Hispanic blacks than among non-Hispanic whites. Previous reports support our findings that infants born to black mothers had higher IMBD rates than infants born to white mothers, 5, 13 and that term infants born to black and Hispanic mothers had higher IMBD rates compared with those born to whites. 9 Similar patterns have been reported for all-cause neonatal mortality by gestational age group in the United States from 1989 to 2001. 7 The reason for the lower rate of all-cause neonatal mortality among preterm infants of black mothers compared with white mothers is unclear. One possibility is that liveborn infants who die shortly after birth might be misclassified as fetal deaths, a Adjusted for maternal age and education. Education data from the birth certificate were missing or lacked comparable data for 3775 (30.3%) of mothers. b Overall birth defect category includes all subcategories listed in the table plus eye, ear, face, and neck defects (n = 5), and defects not included in any other subcategory (n = 1407).
particularly those born at early gestational ages. 7 The fetal mortality rate in the United States is approximately twice as high among blacks as among whites, 14, 15 and differences by race in reporting fetal deaths versus early neonatal deaths might exist. Recent research has shown variation by state in classification of neonatal death at ,24 hours versus fetal death for infants at the limits of viability (ie, gestation of ,24 weeks or birth weight ,500 g). 16 Whether such variation might also occur by race/ethnicity is unknown.
Also unclear is whether factors specific to birth defects contribute to the differences in black and white neonatal mortality patterns by gestational age. Potentially, differences in prevalence of specific types of birth defects might explain the differences in mortality patterns. Whereas several categories of birth defects vary by race/ethnicity, no study has identified overall racial/ ethnic differences in all birth defects combined. [17] [18] [19] [20] There are also many birth defects for which no racial/ethnic differences have been observed; for instance, among studies that included birth defect prevalence among live births, stillbirths, and pregnancy terminations, no racial difference was observed for prevalence of hypoplastic left heart syndrome, the most common specific cause of death attributable to congenital heart defects. 17, 19 Differences in maternal serum screening uptake might also differ by race/ ethnicity, which could contribute to differences in prenatal diagnosis of birth defects. 21, 22 Excess postneonatal mortality attributable to chromosomal defects was observed for non-Hispanic blacks and for all gestational age categories of Hispanics compared with non-Hispanic whites. This is consistent with the finding that median age at death for people with Down syndrome is much lower among blacks and other races than among whites [23] [24] [25] [26] ; no similar study has assessed median age at death for Down syndrome by Hispanic ethnicity.
Improved technologies and neonatal care might have shifted some deaths to the postneonatal period. For instance, in the past decade, a Norwood procedure with a Sano shunt instead of a BlalockTaussig shunt has become a common alternative for neonates with singleventricle physiology, such as hypoplastic left heart syndrome. A recent randomized, multicenter, clinical trial found that subjects with a Sano shunt had decreased short-term mortality rates as compared with those with a BlalockTaussig shunt. 27 In addition to gestational age and race/ ethnicity, we found associations of IMBD with maternal age, parity, plurality, and diabetes in both the neonatal and postneonatal periods.Theseassociationsare consistent with previous observations on infant mortality from all causes. 28, 29 Our estimate of the IMBD prevalence (18%) is lower than the typically referenced 20% 28 owing to our noted ICD exclusions within the larger group of "all congenital malformations."
Efforts to reduce infant mortality rates attributable to birth defects should include both (1) strategies to decrease mortality among those infants living with birth defects through timely and appropriate medical and surgical treatment, and (2) prevention of birth defects, where possible, by addressing modifiable known risk factors, such as folic acid use, avoidance of teratogenic medicines, prevention of certain infections by getting vaccinated, and potential risk factors, such as pregestational diabetes, obesity, and maternal smoking. [30] [31] [32] [33] This analysis included .15 million births to non-Hispanic white, nonHispanic black, and Hispanic mothers in the United States from 2003 to 2006. Use of the linked birth/infant death files allowed us to assess infant mortality attributable to specific causes while stratifying or adjusting for variables included on the birth certificate. 28 These data also allowed us to ensure that the same maternal race/ ethnicity variable (from the US birth certificate) was used for the numerator (infant deaths) and the denominator (total live births); this was essential given the focus of our analysis on racial/ethnic differences.
Because of the evident effect measure modification by gestational age, of not only the magnitude but also the direction of the effect, adjusting for gestational age or its correlates (such as birth weight), as has been done in
FIGURE 1
Neonatal mortality rate attributable to birth defects.
previous studies, would likely obscure important differences in infant mortality rates by gestational age and race/ethnicity.
This study has several limitations. Gestational age can be inaccurate on the birth certificate and may be less accurate among preterm births. 6 Although we excluded cases with implausible gestational age/birth weight combinations, we likely included some births for which gestational age was misclassified. The quality of other covariate data available on the birth certificate is also a limitation. Education data from the birth certificate were missing or lacked comparable data for 30% of mothers, limiting the sample size for adjusted analyses, although the adjusted results were very similar to crude results that included the full data set. This analysis included deaths attributable to birth defects listed as the underlying cause of death and did not identify those listing the defect as only a contributing cause. This likely resulted in an underestimation of the mortality rate attributable to birth defects; however, this limitation would only affect our analyses of racial/ethnic differences in mortality rates if there were differential reporting of the underlying cause of death among racial/ethnic groups. Finally, there was an underlying assumption of random missingness on the weighting scheme to account for unlinked birth records, and a violation of this assumption might affect these results; however, given the high percentage of linked records, the unweighted results were similar to our weighted results.
CONCLUSIONS
The reasons why infants of black mothers and, to a lesser extent, Hispanic mothers, have higher rates of IMBD than infants of white mothers are unclear. Similarly, we cannot explain why preterm infants of black mothers with birth defects fare better than a Adjusted for maternal age and education. Education data from the birth certificate were missing or lacked comparable data for 3775 (30.3%) of mothers. b Overall birth defect category includes all subcategories listed in the table plus eye, ear, face, and neck defects (n = 4), and defects not included in any other subcategory (n = 495).
preterm infants of white mothers, when stratified by gestational age. Further investigation should include assessments of possible racial/ethnic differences in other factors that contribute to infant mortality, such as severity of the defect, access to timely diagnosis, and the quality of medical care provided. In addition, racial/ethnic differences in the frequency ofprenataldiagnosis,andthesubsequent termination of pregnancies affected by severe birth defects, can contribute to differences in the live birth prevalence of severe defects. 34 Last, racial/ethnic differences in the classification of fetuses at the limits of viability as live births (and subsequent infant deaths) or fetal deaths, could have influenced our results. Given that stillbirths are more common among US black mothers than white, 14,15 the occurrence of more neonatal deaths among very preterm infants of white mothers than among very preterm infants of black mothers may be reflective of a racial/ ethnic difference in the classification of deliveries at the limits of viability.
